The ability of cell wall hydrolases to hydrolyze the peptidoglycans of their native cell walls is a phenomenon that has been observed during growth of a number of bacterial species, including Listeria monocytogenes (26) . These enzymes have been implicated in various biological functions, including cell wall turnover, cell separation, competence for genetic transformation, formation of flagella, sporulation, cell division, and the lytic action of some antibiotics. Autolysins were believed until recently to contribute only indirectly to the pathogenicity of bacteria by facilitating the release of immunologically active cell wall components or toxins (3, 9) . However, recent reports have indicated that autolysins such as the invasion-associated protein (Iap, or p60) and the cell wall amidase (Ami) may contribute directly to the pathogenicity of the gram-positive bacterium L. monocytogenes by mediating bacterial adherence (19) . This direct correlation with pathogenicity further reinforces the importance of understanding bacterial autolysis. Recent findings suggest that autolysis is not just an unfavorable side effect of the enzymes that control bacterial cell wall synthesis but that it provides some advantage to the organism that is necessary for its survival.
Autolysins are classified according to their specific types of cleavage, e.g., N-acetylmuramidases, N-acetylglucosaminidases, N-acetylmuramyl-L-alanine amidases, endopeptidases, and transglycosylases (27) . In a seminal paper on the role of murein hydrolases, researchers revealed by use of an Escherichia coli strain with deletions of seven enzymes exhibiting lytic cell wall activity that transglycolases, amidases, and endopeptidases are required for cell separation following cell division. The strain lacking hydrolases grew in chains comprising up to 100 cells per chain (13) . N-Acetylmuramidases are also specifically involved in cell separation in several grampositive organisms. Loss of the acmA gene from Lactococcus lactis resulted in the organism growing in very long chains (2) . One of the two muramidases (muramidase-2) in Enterococcus hirae is believed to facilitate cell separation while acting in conjunction with muramidase-1 in peptidoglycan hydrolysis (8) . A mutant of Enterococcus faecalis which contained a disruption of a gene encoding an autolysin was shown to form longer chains (2 to 10 cells per chain) than the wild type (mainly single cells) (21) . A similar phenotype of long chain formation was observed with a Streptococcus pneumoniae mutant lacking the LytB protein (7) .
L. monocytogenes is a gram-positive facultative anaerobe that is responsible for severe food-borne infections in humans. Following host consumption of listeria-contaminated food, the bacterium is capable of breaching epithelial and endothelial barriers to cause disseminated infection. In its severest forms, listeriosis manifests as a deadly meningoencephalitis and is a common cause of abortions. Thus, the unborn, newborn, immunocompromised, and elderly are most at risk for infection (30) .
The iap gene encodes the p60 protein, which has been shown to possess cell wall hydrolase activity in L. monocytogenes. Spontaneously occurring mutants exhibiting deficient expression of p60 show rough colony morphology and form long chains separated by double septa (15) . These mutants have reduced virulence in the mouse model of infection and do not invade fibroblasts efficiently (15) . The expression of p60 is controlled at the posttranscriptional level (32) , although it is not yet known if the regulation of p60 is at the translational or posttranslational level. It was initially thought that p60 was essential for cell viability because iap mutations were always lethal. However, a mutant harboring a transposon inserted within iap has been isolated (1, 31) , indicating that other proteins may be able to compensate for the loss of p60 activity.
Previous work using a monoclonal antibody (MAb) (EM-7G1) specific for L. monocytogenes revealed reactivity with a 66-kDa cell surface protein of L. monocytogenes (4, 20) . The expression of p66 is variable and appears to be best detected in bacteria grown in rich media (20) . Intriguingly, MAb EM-7G1 also cross-reacts with Iap (p60) (see Fig. 4 ). Examination of the genome sequence of the L. monocytogenes EGDe strain revealed only one potential open reading frame (ORF), denoted lmo2691 (murA), with regionalized homology to p60, that could encode a cell surface protein of approximately 66 kDa. Here we report the cloning and expression of the gene encoding p66 and identify it as a cell wall hydrolase. Studies using an isogenic ⌬murA mutant revealed that MurA in L. monocytogenes is important for cell separation and autolysis of this bacterium.
MATERIALS AND METHODS
Bacterial strains, plasmids, primers, and growth conditions. L. monocytogenes EGDe was grown in brain heart infusion (BHI) broth (Difco) at 37°C. E. coli was grown in Luria-Bertani broth (LB) (Difco) at 37°C. Ampicillin (100 g/ml) and erythromycin (300 g/ml for E. coli and 5 g/ml for L. monocytogenes) were added to broth or agar as needed. When necessary, IPTG (isopropyl-␤-D-thiogalactopyranoside) (0.1 mM) and X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (20 g/ml) were spread on agar plates 30 min prior to plating. The strains, plasmids, and primers used for this study are listed in Table 1 .
DNA isolation and manipulations. The procedures for the isolation of plasmid and chromosomal DNA from L. monocytogenes were performed as previously described (20) . Standard protocols were used for recombinant DNA techniques (23) .
Cloning and overexpression. The gene (murA) encoding the 66-kDa protein was cloned into the glutathione S-transferase (GST) expression vector with primer pairs designed to amplify the murA gene without its signal sequence. The oligonucleotide pair SC1-SC2, incorporating a BamH1 and EcoRI restriction site, respectively, was used to amplify a 1,650-bp PCR fragment of the murA gene for the GST gene fusion system. The amplified fragment was purified (QIAquick PCR purification kit; Qiagen), digested with BamHI and EcoRI, and cloned into the GST gene fusion vector, pGEX-6P-1 (Amersham Biosciences), creating plasmid pGEX-6P-1-murA. The oligonucleotide pair SC1-SC2 was used to verify the sequence of the gene.
The fusion protein was overexpressed by using protocols provided by the vendor of the GST gene fusion system (Amersham Biosciences). The fusion protein was purified from the bacterial lysate by affinity chromatography using glutathione-Sepharose 4FF GSTrap columns. PreScission protease (Amersham Biosciences) was used to remove the GST tag from the recombinant fusion protein. The eluted protein fractions were dialyzed against 1ϫ phosphate-buffered saline, combined, and stored at Ϫ20°C for use in further experiments. The fractions from the various steps of the purification process were run on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and visualized by staining with Coomassie blue.
Detection of proteins by immunoblotting. The fractions eluted from the glutathione-Sepharose 4FF column were pooled, concentrated, and separated by SDS-12.5% PAGE, after which they were transferred to a polyvinylidene fluoride membrane (28) Detection of lytic activity in SDS-polyacrylamide gels. Procedures for the isolation of cell wall proteins have been previously described (10) . Cell wall proteins were obtained from 50-ml cultures grown in BHI broth to an optical density at 600 nm (OD 600 ) of 1.0.
Lytic activity was detected by using SDS-12.5% polyacrylamide gels containing 0.2% (wt/vol) autoclaved, lyophilized Micrococcus lysodeikticus ATCC 4698 cells (Sigma) or cell walls of L. monocytogenes EGDe. To allow for protein renaturation after electrophoresis, the gels were gently shaken at room temperature for 24 h, with three to five changes of 100 ml of 25 mM Tris-HCl (pH 7) containing 1% (vol/vol) Triton X-100. Bands of lytic activity were visualized by staining with 1% (wt/vol) methylene blue (Sigma) in 0.01% (wt/vol) KOH and subsequent destaining with distilled water.
Generation of the ⌬murA deletion mutant. Primers were designed to amplify the flanking regions of the murA gene. The oligonucleotide pair SC3-SC4, containing a NotI restriction site, was used to amplify a 563-bp DNA fragment at the 5Ј-flanking region of gene murA. The oligonucleotide pair SC5-SC6, containing a NotI restriction site, served to amplify a 520-bp region at the 3Ј-flanking region of gene murA. The flanking regions were amplified from the chromosome of L. monocytogenes EGDe, digested with NotI, and ligated. The ligation product with the deletion was selectively amplified with oligonucleotide pair SC3-SC6. The PCR product was purified by use of the QIAquick PCR purification kit (Qiagen), cloned into pCR-Script (Stratagene), and transformed into Epicurian coli XL1-Blue MRFЈ Kan r supercompetent cells (Stratagene). Recombinants were identified by blue-white screening. The resulting plasmid was isolated by use of a DNA Qiaquick spin kit (Qiagen). The plasmid DNA and the vector pAUL-A were digested with SacI and XbaI, ligated, and transformed into E. coli DH5␣ competent cells. The recombinants, identified as Lac-negative colonies on erythromycin-containing LB plates (300 g/ml), were restreaked onto LB-erythromycin (300 g/ml) plates and screened for the presence of the plasmid by PCR using the SC3-SC6 primer pair. Plasmid DNA of pAUL-A-⌬murA was isolated from the recombinants and used to transform L. monocytogenes EGDe to generate the chromosomal deletion mutant using previously described methods (24) . The presence of the deletion in the murA gene was verified by sequencing.
Complementation of ⌬murA deletion mutant. The site-specific phage integration vector pPL2 (16) was used for complementation of the ⌬murA mutant. The murA gene and flanking regions were amplified by use of the oligonucleotides SC7 and SC8 and were introduced by the TA cloning method into the vector pCR Topo XL (Invitrogen). The ligation mixture was transformed by electroporation into E. coli DH10␤, which was plated onto LB agar plates containing 50 g of kanamycin per ml. The plasmid was isolated from a murA-harboring recombinant and digested with the restriction endonucleases BamHI and XhoI to release the inserted DNA. Following agarose gel electrophoresis, the murAharboring fragment was isolated and ligated to BamHI/XhoI-restricted vector pPL2 DNA. Following electroporation of the ligation mixture, recombinant E. coli DH10␤ clones were plated onto LB agar plates containing 25 g of chloramphenicol per ml. One representative recombinant, pPL2::murA, was sequenced to verify the authenticity of the gene cloned and was introduced into the isogenic ⌬murA strain by electroporation. Selection of transformants was performed on BHI agar plates supplemented with 7.5 g of chloramphenicol per ml. Insertion of the pPL2::murA plasmid into the PSA bacteriophage attachment site at tRNA Arg -attBBЈ was verified by using the primer pair NC16-PL95 to specifically amplify a 499-bp PCR product from the integrant strains. Additional primer pair SC1-SC2 was used to specifically detect the murA gene. The complemented strain was examined for expression of the MurA polypeptide and subjected to further phenotypic analysis as described in Results.
Autolysis assay. Triton X-100-stimulated autolysis in glycine buffer (pH 8.0) was measured as previously described (6) . Cells were grown exponentially to an OD 620 of 0.3. The culture was then quickly chilled in an ice-ethanol bath, centrifuged (10,000 ϫ g, 4°C, 5 min), and washed once with ice-cold distilled water. The cells were resuspended to an OD 620 of 1.0 in 50 mM glycine-0.01% Triton X-100 buffer. Triton X-100-stimulated autolysis was measured during incubation with aeration at 37°C as a decrease in the OD 620 by using an Ultrospec III spectrophotometer (Amersham Biosciences).
Penicillin-induced autolysis. Penicillin-induced autolysis was measured as previously described (21) . Bacterial cells from a late-exponential-phase (OD 600 , 1.0) culture were diluted 1:20 in fresh BHI medium to an OD 600 of 0.08 to 0.10. Penicillin G was added to a final concentration of 1.25 g/ml (10 times the MIC) (18) , and the cultures were incubated at 37°C with shaking. Aliquots of 1 ml were removed at different time points to measure the OD 600 .
RESULTS
Database searches for proteins with homology to Listeria p60. The MAb EM-7G1 recognizes both a 66-kDa protein and the p60 protein in the cell walls of L. monocytogenes EGDe (see Fig. 4 ). We looked for regional homologies in ORFs from the L. monocytogenes genome sequence to the Iap (p60) protein. The gene identified in the database (http://genolist .pasteur.fr/ListiList) is annotated ORF lmo2691 (murA). The murA nucleotide sequence comprises 1,770 bp and is preceded by a putative ribosome binding site and a possible Ϫ10 and Ϫ35 region present upstream of the murA gene. An inverted repeat that may function as a transcriptional rho-independent terminator is located downstream, suggesting that it is transcribed as a single gene.
In both L. monocytogenes 4b (http://www.tigr.org) and Listeria innocua CLIP11262, there are corresponding orthologs of murA. Comparison of the regions surrounding murA in L. monocytogenes EGDe, L. monocytogenes 4b, and L. innocua CLIP11262 indicates a conserved genome structure among these three Listeria species (Fig. 1) . A divergent reading frame encoding a putative transcriptional regulator (TetR family) with homologies to that of Bacillus subtilis was detected upstream of murA, followed by a Mg 2ϩ -dependent transport ATPase. In the region downstream of murA, there are two housekeeping genes, one for a thymidylate kinase followed by one for an arginine decarboxylase. A motif comprising the amidase4 domain (mannosyl glycoprotein endo-beta-N-acetylglucosamidase; accession number PF01832), with conserved catalytic residues glutamic acid (E 216) and aspartic acid (D 242), was located between amino acids 149 and 301 of MurA ( Fig. 2A) . This finding indicates that MurA is a putative muramidase. BLAST searches with the amidase4 motif region of MurA revealed additional ORFs in the L. monocytogenes EGDe genome (lmo1076, lmo1215, lmo1216, lmo2203, and lmo2591) that display homology to this domain.
The C-terminal portion of the MurA protein harbors four repeated regions containing a LysM domain (accession number PF01476) (Fig. 2A) . The regions are each composed of 43 amino acids (Fig. 2B ) separated by intervening sequences that are highly enriched in serine, threonine, and asparagine residues. The overall similarity between the repeated regions was approximately 76%. The C-terminal repeats of MurA had 80% homology to the C-terminal repeated regions of the muramidase-2 of E. hirae as well as homology with the cell wall hydrolases of L. lactis (three LysM repeats) and E. faecalis (five LysM repeats). The C-terminal region also showed homology to two LysM repeat domains in the N-terminal region of the Iap protein of L. monocytogenes. Further searches in the Listeria genome database (12) indicated the presence of other LysM repeat-containing proteins. These include the Iap (p60) protein and other less well-defined ORFs (lmo0880, lmo1303, lmo1941, and lmo2522).
Recombinant GST-MurA fusion proteins are recognized by MAb EM-7G1. We sought evidence that the cell wall protein recognized by MAb EM-7G1 was indeed MurA. The L. monocytogenes gene (murA) encoding the 66-kDa protein was cloned into the GST expression vector, and its expression was monitored as described in Materials and Methods. As shown in Fig. 3A , induction of E. coli BL21 recombinants harboring the GST-MurA fusion protein led to the induced expression of an ϳ97-kDa polypeptide (cf. lanes 3 and 4) . The recombinant ϳ97-kDa polypeptide showed specific cross-reactivity in immunoblot studies to the MAb EM-7G1 (Fig. 3B, lanes 7 and 8) , indicating that MurA is indeed the listerial gene product recognized by this antibody. The GST-MurA fusion protein was purified directly from the bacterial lysate by using affinity matrix glutathione-Sepharose 4FF GSTrap columns. The fusion protein was eluted under mild, nondenaturing conditions, with glutathione elution buffer used in order to preserve the antigenicity and functionality of the protein. Substantial specific degradation of the GST-MurA fusion occurred during purification. It appeared that the lower-molecular-weight proteins found in the purification of the GST-MurA fusion protein were breakdown products of this protein, because the antibody also showed cross-reactivity to these bands (Fig. 3B, lane 8) .
Purified recombinant MurA (rMurA) devoid of the GST tag was produced by proteolytic cleavage with subsequent purification. Purified rMurA had a molecular weight of ϳ72 kDa and was specifically recognized by MAb EM-7G1 (Fig. 3B, lane  9) . Cell wall hydrolase activity of rMurA was detected by SDS-12.5% PAGE with 0.2% (wt/vol) M. lysodeikticus autoclaved cells followed by renaturation of the gel (Fig. 3C, lane 10) . Specific degradation products of rMurA also exhibited cell wall hydrolase activities (Fig. 3A, lane 5, and Fig. 3C, lane 10) . N-terminal amino acid sequencing studies on all of the polypeptide bands seen in Fig. 3A , lane 5, showed that they all had identical N-terminal sequences (data not shown), suggesting that the degradation observed is initiated at the C-terminal end of the molecule and indicating that cell wall hydrolase activity is located within the N-terminal region. The smallest degradation fragment exhibiting hydrolase activity did not cross-react with MAb EM-7G1, suggesting that the epitope recognized is no longer present in this protein fragment.
Construction and analyses of a chromosomal ⌬murA deletion mutant. To investigate the physiological role of murA, we made a chromosomal in-frame deletion of murA by homologous recombination. After transformation of L. monocytogenes EGDe with the suicide vector pAUL-A-⌬murA, which carries the flanking sequences of murA, the integrants (Em r ) were confirmed by PCR. Subsequently, erythromycin-sensitive colonies were selected and screened for the loss of murA by PCR using the SC3-SC6 primer set. Colonies that produced a PCR product of approximately 1,056 bp were selected for further studies. The mutants were sequenced to show that an internal in-frame deletion of the murA gene had indeed occurred. Several independent mutants were characterized, all of whom had identical characteristics.
MurA encodes a peptidoglycan hydrolase. Cell surface proteins of the deletion mutant were isolated, and immunoblot analysis with MAb EM-7G1, the antibody against the 66-kDa cell surface protein, was performed. We also used the bacteriophage integration vector pPL2 to complement the ⌬murA strain by inserting the wild-type gene as a single copy at the PSA bacteriophage attachment site (16) . Cell surface proteins from the complemented strain were also used in this analysis. As shown in Fig. 4 , the mutant clearly lacked the MurA protein, which was reexpressed in the ⌬murA strain complemented with a chromosomally reinserted murA gene (lanes 5, 6, and 7). This analysis also showed that MurA is a major cell surface protein of L. monocytogenes that is clearly visible following Coomassie staining of cell wall polypeptides after SDS-PAGE (Fig. 4, cf. lanes 2, 3, and 4) . In this figure, it is also clear that the MAb EM-7G1 specifically recognizes an epitope common to both MurA and Iap. This is best illustrated in the immunoblot of cell wall proteins of the ⌬murA mutant, in which in the absence of MurA it clearly recognizes the Iap protein (Fig. 4, lanes 3 and 6) .
Cell surface proteins of L. monocytogenes, its isogenic ⌬murA mutant, and the complemented strain were also analyzed on a renaturing SDS-PAGE gel containing autoclaved M. lysodeikticus cells as a substrate. The clearing band, which represented cell wall hydrolase activity, corresponded to the 66-kDa cell surface protein and was no longer present in the 5, lanes 1 and 3) . This band represented one of the major lytic bands present when M. lysodeikticus was used as the substrate. Loss of p66 cell wall hydrolase activity also abolishes the lytic activity of a series of polypeptide species with molecular masses of 52 to 56 kDa, indicating that these are degradation products of p66 MurA. The remaining bands with prominent lytic activity, at 102 and 60 kDa, probably represent activities deriving from the previously described amidase (Ami) and p60 proteins, respectively (20) . Comparison of both zymograms (Fig. 3, lane 10, and Fig. 5, lanes 1 and 3) indicated a difference in the autolysis banding pattern for MurA when it was derived either as a recombinant cytosolic protein or as a cell wall protein in L. monocytogenes. These differences are probably the result of the activity of various endo-and exoproteases present in the respective bacterial host strains. The growth of EGDe ⌬murA was compared to that of the wild type over a range of temperatures (25, 37 , and 42°C). The growth of the deletion mutant in BHI broth was similar to that of the wild type at all temperatures, indicating that the cell wall hydrolase was not essential for cell growth. Autolysis of L. monocytogenes EGDe ⌬murA, compared to that of L. monocytogenes EGDe, was considerably diminished and delayed during prolonged stationary-phase growth (data not shown). The mutant was more resistant to Triton X-100-stimulated autolysis (Fig. 6 ), indicating that p66 is involved in generalized lysis of the host cell. Penicillin-induced cell lysis was determined by the addition of penicillin G to growing cultures. Over a period of 24 h, there was no difference between the wild-type and deletion mutant, as detected by measuring OD 600 (data not shown).
The cells of EGDe and EGDe ⌬murA were also examined by light microscopy when the cultures reached an OD 600 of 0.5. EGDe ⌬murA formed longer chains than EGDe, which gave mostly single cells (Fig. 7) . Seventy-three percent of EGDe ⌬murA cells were arranged in chains of 3 to 12 bacteria compared to no chains seen with the wild-type strain. The data imply the involvement of p66 in cell separation. However, during stationary-phase growth, the cells of EGDe ⌬murA did not appear to form as many long chains as during the logarithmic phase, suggesting that other cell wall hydrolases are able to compensate for the loss of p66 in EGDe ⌬murA. The complemented strain showed no growth defects over a wide range of growth temperatures and restored cell separation levels to those seen with the wild-type strain (Fig. 7) . When plated on BHI agar, the mutant formed smooth colonies that were indistinguishable from those of the wild-type strain.
DISCUSSION
In this study, we identified another cell wall hydrolase in L. monocytogenes and characterized the gene, murA, encoding this enzyme. As our studies show, MurA is recognized by the previously well-characterized L. monocytogenes-specific MAb EM-7G1, which recognizes a p66 cell surface protein. Comparative genome analysis of the region surrounding the murA gene shows that this region is highly conserved in the Listeria genus. In the L. monocytogenes EGDe 1/2a, L. monocytogenes 4b, and L. innocua genomes, the murA gene is preceded by a divergently transcribed putative transcriptional regulator. Expression of MurA has been previously shown to be strongly dependent on growth media and other environmental conditions (20) . Further studies will be required to examine if the juxtapositioning of these two genes is fortuitous. Intriguingly, although we show here that murA is also present in L. innocua, its expression in this species has not been detected to date (4, 22) .
Several distinctive features were apparent from the primary amino acid sequence of MurA. The apparent molecular mass of MurA is larger than would be expected from its primary amino acid sequence, i.e., 66 versus 58 kDa, for the mature protein. Indeed, the purified GST-MurA and rMurA polypeptides had molecular masses that were larger than their theoretical molecular weights (Fig. 4) . This feature is not unusual among listerial cell wall proteins (20) and is probably the result of the unusual amino acid composition of the multiple LysM repeats in the protein that must extend through the murein sacculus so that the protein can exhibit its activity.
The N-terminal portion has elements that are similar to amidase4 domains of muramidases. An overall identity of 35% and similarity of 50% was found between MurA (amino acids 152 to 590) and muramidase-2 of E. hirae (amino acids 64 to 531). MurA (amino acids 57 to 590) also exhibited 33% similarity and 46% identity to the autolysin of E. faecalis (amino acids 89 to 609). An identity of 46% and similarity of 59% was found in the N-terminal region (amino acids 149 to 301) between MurA and muramidase-2, the autolysin of E. faecalis, and AcmA of L. lactis.
In the C terminus of MurA, there are four repeated regions that align with a consensus sequence known as the LysM motif (14) . These repeats are similar to those found in several Bacillus lysozymes, the Iap protein of L. monocytogenes, and protein A of Staphylococcus aureus and may recognize a very specific binding site in the peptidoglycan substrate. Other unrelated repeat sequences have been shown to be involved with the binding of pneumococcal autolysins to the cell wall, and the presence of choline in the cell wall teichoic acid is important for this binding (11) . It is likely that these highly conserved C-terminal sequence repeats in p66 are also involved in substrate recognition and binding in L. monocytogenes.
In a standardized assay to detect autolytic activity in a renaturing SDS-PAGE gel, several bands exhibiting lysis zones were found in the cell surface fractions of an L. monocytogenes EGDe culture when both M. lysodeikticus and L. monocytogenes cell walls were used as substrates. However, the lytic activities were far more detectable with M. lysodeikticus as a substrate, which is consistent with previous reports obtained using bacterial extracts of L. lactis, Clostridium perfringens, Bacillus megaterium, and E. faecalis (2, 17) . One of the lytic bands observed for L. monocytogenes with both substrates corresponded to the 66-kDa cell surface protein that is recognized by MAb EM-7G1. When M. lysodeikticus is used as the substrate, MurA is by far the largest and brightest lytic band in the gel, indicating its role as a major autolysin of L. monocytogenes.
An in-frame L. monocytogenes murA deletion mutant was created in the wild-type background to determine the role of the cell wall hydrolase. The ability to generate this deletion mutation indicates that murA is not an essential gene. L. monocytogenes EGDe ⌬murA, which did not synthesize the 66-kDa cell surface protein, grew in long chains during exponential growth. The aberrant septation phenotype of the deletion strain was overcome in the complemented integrant strain, and the reexpression of the 66-kDa cell wall polypeptide restored murein hydrolase activity resulting from this protein. Interestingly, unlike previously described variants of L. monocytogenes that form chains during logarithmic growth and rough colonies when plated on agar (22, 33) , the EGDe ⌬murA strain only forms smooth colonies, with no observable rough colony variants.
Autolysis of L. monocytogenes has been described extensively in a previous study (29) in which five different strains showed autolysis immediately at the end of the exponential growth phase. Cell wall hydrolases are thought to be involved in autolysis of the bacterial cell, and this phenomenon is usually observed after inhibition of further synthesis of peptidoglycan either nutritionally or by the addition of an antibiotic or treatment with certain nonspecific chemicals (26) . In this work, we observed that the deletion mutant was more resistant to both prolonged stationary-phase autolysis and Triton X-100-induced autolysis, suggesting that the 66-kDa MurA cell surface protein was involved in generalized autolysis of the host cell.
As do other gram-positive bacteria, L. monocytogenes expresses multiple autolysins, including members of the p60 family such as p60 (iap) (32), p45 (spl) (25) , and lmo0394 (12) and members of the amidase (Ami) protein family such as Ami, lmo1215, lmo1216, lmo1521, and lmo2203 (12, 19) , which appear to have alternative functions in the organism. The presence of multiple autolysins complicates the process of determining the roles of each autolysin in the organism.
The p60 protein of L. monocytogenes has also been shown to be involved in cell separation (32) , and it may be the combination of both enzymes that controls the proper cell separation of this organism. The presence of some single cells in the culture of the deletion mutant as well as the loss of the long chains during stationary-phase growth suggested that Iap (p60) may partially substitute for the function of MurA. The creation of a strain lacking multiple hydrolases could better reveal the exact role of additional proteins such as Ami, p45, and p60 with regard to cell separation in L. monocytogenes. For E. coli, a mutant lacking seven murein hydrolases of different specificities was still viable for growth but could not undergo proper cell separation. In that study, analysis of E. coli mutant strains with various deletions for different combinations of cell wall hydrolases indicated that amidases play the major role in cell separation, followed by transglycosylases and endopeptidase (13) .
In conclusion, evidence is presented implicating a role for the p66 protein MurA of L. monocytogenes as a cell wall hydrolase with significant similarities to muramidases present in other related gram-positive microorganisms. MurA appears to be involved in cell separation of the organism, and under times of unfavorable growth conditions it can participate in cell lysis. Regulation governing these two functions is very critical. It must allow for the continuous activity of the enzymes needed for cell wall growth, turnover, and separation while in turn preventing out-of-control hydrolysis of peptidoglycan that can lead to autolysis. Further study of MurA may reveal other roles for this cell wall hydrolase in the physiology of L. monocytogenes.
